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ABSTRACT
Assessing the significance and implications of the recently established Hubble tension requires the comprehensive iden-
tification, quantification, and mitigation of uncertainties and/or biases affecting H0 measurements. Here, we investigate
the previously overlooked distance scale bias resulting from the interplay between redshift and Leavitt laws in an
expanding Universe: Redshift-Leavitt bias (RLB). Redshift dilates oscillation periods of pulsating stars residing in
supernova-host galaxies relative to periods of identical stars residing in nearby (anchor) galaxies. Multiplying dilated
logP with Leavitt Law slopes leads to underestimated absolute magnitudes, overestimated distance moduli, and a
systematic error on H0. Emulating the SH0ES distance ladder, we estimate an associated H0 bias of (0.27±0.01) % and
obtain a corrected H0 = 73.70± 1.40 km s−1 Mpc−1. RLB becomes increasingly relevant as distance ladder calibrations
pursue greater numbers of ever more distant galaxies hosting both Cepheids (or Miras) and type-Ia supernovae. The
measured periods of oscillating stars can readily be corrected for heliocentric redshift (e.g. of their host galaxies) in
order to ensure H0 measurements free of RLB.
Key words. distance scale – Stars: oscillations – Stars: variables: Cepheids – Stars: variables: general – Stars: distances
– Galaxies: distances and redshifts
1. Introduction
Pulsating stars such as classical Cepheids enable precise
measurements of the local expansion rate of the Universe,
H0, thanks to the existence of period-luminosity relations
(PLRs), or Leavitt laws (Leavitt 1908; Leavitt & Pickering
1912, henceforth: LLs). Using a Cepheids-based distance
ladder, the SH0ES team (Riess et al. 2016, henceforth:
R+16) recently established a systematic difference between
the present-day value of H0 and the value inferred based on
Cosmic Microwave Background observations by the Planck
Collaboration (2018) assuming the concordance cosmologi-
cal model (flat ΛCDM). Following further improvements to
the distance ladder (e.g. Riess et al. 2018, 2019), and con-
sidering Cepheid-independent routes to measure H0 (e.g.
Wong et al. 2019; Freedman et al. 2019; Yuan et al. 2019),
the so-called Hubble tension now figures at a significance of
4− 6σ, sparking an increasing number of suggested modifi-
cations to ΛCDM (for a detailed overview, see Verde et al.
2019, and references therein).
The SH0ES distance ladder consists of three rungs
that are fitted globally (cf. Appendix in R+16). The first
rung involves the calibration of the Cepheid LL in rela-
tively nearby, so-called “anchor” galaxies whose distances
are known. The second rung consists of so-called “SN-
host” galaxies, where both Cepheids and type-Ia supernovae
(SNe Ia) have been observed: SN-host galaxies thus set the
luminosity zero-point for SNe Ia. The third, final rung con-
sists of the Hubble diagram of SNe Ia. The intercept of this
Hubble diagram provides the measurement of H0. Almost
all SN-host galaxies are more distant than the anchor galax-
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ies, with the exception of M101, which is approximately
0.9Mpc closer than the anchor galaxy NGC4258. Follow-
ing an improvement of the distance to NGC4258, the latest
H0 = 73.5± 1.4km s−1 Mpc−1 (Reid et al. 2019).
Following impressive gains in H0 precision and the im-
portance of H0 for informing modifications to ΛCDM, the
identification and mitigation of previously overlooked H0
uncertainties and biases is rapidly gaining importance. No-
tably, the effects of stellar association bias (Anderson &
Riess 2018) are now taken into account in the H0 measure-
ment (Riess et al. 2019).
A key bottleneck for increasing H0 precision is the num-
ber of SN-host galaxies. At present, Cepheids can be mea-
sured with good precision in galaxies up to ∼ 40Mpc dis-
tant (R+16), and large efforts are in progress to increase
the number of SN-host galaxies from currently 19 to 38
(Riess et al. 2019). However, the rather low volumetric
rate of SNe Ia explosions requires exploring alternative pri-
mary distance indicators capable of probing greater dis-
tances, such as Mira-variable stars (e.g. Whitelock et al.
2008; Yuan et al. 2017; Huang et al. 2018, 2019; Bhardwaj
et al. 2019), especially considering the short mission dura-
tion of the James Webb Space Telescope (JWST). Adding
new SN-host galaxies to the distance ladder will therefore
tend to include more distant galaxies and increase average
SN-host galaxy redshift due to the Hubble-Lemaître law
(Wirtz 1924; Lemaître 1927; Hubble 1929).
The longitudinal Doppler effect shifts the oscillation
frequency emitted by a source as a function of its radial
(line-of-sight) velocity, vr. Time dilation due to cosmolog-
ical redshift z¯ slows down clocks in a mathematically ap-
proximately identical way in the case of small z¯ and non-
Article number, page 1 of 6
ar
X
iv
:1
90
9.
10
84
7v
2 
 [a
str
o-
ph
.C
O]
  4
 N
ov
 20
19
A&A proofs: manuscript no. RedshiftLeavittBias
logP
m
ag
0 = m M0
= b logP
logP = log(1 + zobs)
(logP0 + logP, m)(logP0, m)
(logP0, M0)
(logP0 + logP, M0 + )
Fig. 1. Not-to-scale visual representation of Redshift-Leavitt
Bias. SN-hosts are redshifted relative to anchor galaxies. Ob-
served oscillation frequencies of Cepheids, Miras, and other vari-
able stars, are subject to time dilation, i.e., observed periods are
longer than emitted periods. This translates to a distance mod-
ulus bias due to the slope of Leavitt laws.
relativistic velocities (vr  c). Thus, time dilation of the
type Ia supernova SN1995K enabled observational proof
of the Universe’s expansion (Leibundgut et al. 1996). Sev-
eral studies have considered the impact of inaccuracies re-
lated to redshift measurements of SNe Ia (e.g. Hui & Greene
2006; Davis et al. 2011, 2019) on H0 and the dark energy
equation of state. Additionally, the impact of Doppler fre-
quency shifts for asteroseismic inferences was studied by
Davies et al. (2014) and is gaining importance for measur-
ing orbital motion in pulsating stars (Murphy et al. 2014).
However, the impact of systematic differences in (observed
heliocentric) redshift between anchor and SN-host galax-
ies on variable-star periods and the H0 measurement has
hitherto remained unexplored.
This article investigates the relevance and impact of
dilated variable-star periods on the measurement of H0.
Specifically, §2 explains the distance bias arising from cos-
mic expansion, the Doppler effect, and the Leavitt law in
the case of Cepheids and Mira stars. §3 estimates the im-
pact on the latest H0 measurement involving Cepheids and
SNe Ia. §4 discusses these findings in the context of future
distance ladders based on Mira-variable stars in the era of
the JWST. Finally, §5 summarises this work and presents
its conclusions.
2. Redshift-Leavitt Bias (RLB)
The observed total redshift of an extragalactic source rel-
ative to the observer is a combination of cosmological red-
shift (z¯), peculiar motion of the galaxy (zgalpec), peculiar mo-
tion of the observer (zpec), and gravitational redshift of the
galaxy (zgalφ ) and the observer (zφ). Once corrected to the
heliocentric reference frame, the observed redshift zobs is
(Calcino & Davis 2017, their Eq. 2.2):
1 + zobs = (1 + z¯)(1 + z
gal
pec)(1 + zpec)(1 + z
gal
φ )(1 + zφ) . (1)
Variability periods of extragalactic variable stars such
as classical Cepheids are subject to both time dilation due
to cosmological redshift (mostly relevant for Cepheids out-
side the Local Group), and the Doppler effect due to line-
of-sight motions such as peculiar velocities, velocity dis-
persions, partial sampling of a galaxy’s rotation curve, or-
bital motion, etc. Since the latter velocities are usually
. 1000 km s−1, such Doppler shifts can be treated non-
relativistically to very good approximation. The observed
redshift of an individual variable star in another galaxy is
thus:
1 + zi,obs ≈ (1 + zobs)
(
1 +
vr,i
c
)
, (2)
where vr,i is the line-of-sight component of the star’s motion
relative to the heliocentric reference frame, not counting
peculiar motion, which is already included as part of Eq. 1.
Of course, vr,i of individual Cepheids is currently measur-
able only in the Milky Way and Magellanic Clouds, where
cosmological redshift is negligible. For individual variable
stars in other galaxies, internal motions due to velocity
dispersion and partially sampled rotation curves can lead
to vr,i/c . 10−3. However, most observed populations of
Cepheids in SN-host galaxies sample all parts of their host
galaxy disks, which furthermore tend to be oriented rel-
atively face-on. Hence, no significant net effect is to be
expected for a typical SN-host galaxy’s Cepheid popula-
tion as a whole, meaning, 〈vr〉 ≈ 0. For partially sam-
pled galaxies (e.g. the PHAT footprint of M31, cf. Dal-
canton et al. 2012), disk or halo rotation could lead to a
net 〈vr〉 . ±300 km s−1, which would be comparable to the
effect of z¯ at distances . 4Mpc.
Galaxy catalogs list redshifts (zobs) measured as the dis-
placement of spectral lines relative to their rest-wavelength
λ0, corrected to the heliocentric reference frame (e.g.
Huchra et al. 1992):
zobs =
λ− λ0
λ0
. (3)
zobs does not distinguish between the physical origin of red-
shift, and includes all terms listed in Eq. 1. However, it does
not account for motions of individual stars (vr,i) or veloc-
ity differences across a galaxy. In the following, we neglect
these latter two contributions since Cepheid populations are
usually distributed across the full disks of SN-host galax-
ies, which are usually oriented face-on (R+16). However,
observers may consider accounting for net effects, due to
galaxy rotation at distances . 40Mpc, if these conditions
are not fulfilled.
Using zobs, we calculated the effect of time dilation on
variable-star periods (cf. Fig. 2) as
Pobs = (1 + zobs)P0 , so that (4)
∆ logP = logPobs − logP0 = log (1 + zobs) = logB , (5)
where we use logB = log (1 + zobs) for brevity.
Leavitt Laws relate oscillation periods of certain pulsat-
ing star types to absolute magnitudes M . The most com-
mon functional form is linear in logP and is used, for ex-
ample, for classical Cepheid variables:
M = a+ b · logP , (6)
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Fig. 2. Dilation of logarithmic oscillation period as a function
of redshift, cf. Eq. 5.
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Fig. 3. Redshift-Leavitt Bias for Cepheids and Miras with
〈logPobs〉 = 2.4 whose LL is calibrated at logPref = 2.3, cf.
Eqs. 6, and 7.
where a and b are calibrated using objects at known dis-
tances (ideally from geometry), for example, via Gaia par-
allaxes (Brown et al. 2018; Lindegren et al. 2018), detached
eclipsing binaries in the LMC (Pietrzyński et al. 2019), or
the parallax of the mega-maser in NGC4258 (Humphreys
et al. 2013).
Non-linear LLs have also been considered, for exam-
ple, broken PLRs for Cepheids (e.g. Bhardwaj et al. 2016),
PLRs affected by metallicity (e.g. Sesar et al. 2017; Gieren
et al. 2018; Delgado et al. 2019, especially for RR Lyrae
stars observed in the infrared). LLs are noticeably non-
linear for Mira stars, where quadratic LLs have been used
(e.g. Yuan et al. 2017; Huang et al. 2018):
M = a+ b1 · (logPobs − 2.3) + b2 · (logPobs − 2.3)2 . (7)
In the following, we adopt b = −3.26 for a linear LL ap-
propriate for Cepheids (H−band Wesenheit PL-slope from
R+16) and b1 = −3.59, b2 = −3.40, and logPref = 2.3
(Huang et al. 2018) for quadratic LLs.
Absolute magnitudes inferred using LLs, MLL, are bi-
ased by the effect of time dilation on oscillation periods, cf.
Fig. 1. With Eq. 5 and Eqs. 6 & 7, we obtain
∆M = MLL −M0
= b∆ logP = b logB [lin LL]
= b1 logB + b2 logB
(
2 logP
′
obs − logB
)
[quad LL] ,
(8)
where the second line applies to linear LLs and the third
line to quadratic LLs. For linear LLs, the bias depends only
on b and the observed heliocentric redshift. For quadratic
LLs, RLB depends on zobs, b1, and b2, as well as the pivot
period Pref , since logP
′
obs = logPobs − logPref .
The resulting bias in distance modulus is therefore:
∆µ = µLL − µ0 = m−M0 −∆M −m+M0 = −∆M . (9)
Inserting Eq. 8 in Eq. 9 we obtain:
∆µ =− b logB [lin LL]
∆µ =− b1 logB − b2 logB
(
2 logP
′
obs − logB
)
[quad LL] .
(10)
Figure 3 illustrates ∆µ for a wide range of zobs. We notice
that a) (logB)2 ∼ 10−4 is negligible at distances< 100Mpc,
and b) logP
′
obs can be minimized by using a pivot logPref
close to the sample average. However, any galaxy is ex-
pected to show a distribution of Mira periods, so that time
dilation could lead to a small apparent LL slope change in
a given galaxy if redshift is not accounted for.
With µ = 5 log d + 25 (d in Mpc), the ratio of the true
distance d0 to the biased distance dLL is:
d0
dLL
= 10−0.2·∆µ = 100.2·∆M . (11)
With Eq. 10, Eq. 11 becomes:
d0 = dLL,lin · 100.2b logB
d0 = dLL,quad · 100.2
[
b1 logB+b2 logB
(
2 logP
′
obs−logB
)]
(12)
for linear and quadratic LLs, respectively. Since b, b1, and
b2 are all negative, and logB ≥ 1, this typically means that
d0 < dLL. We notice that the term logP
′
obs can be negative
or positive, depending on pivot period and average logPobs.
In the following, we consider the small difference between
logPref = 2.3 and 〈logPobs〉 = 2.4, which corresponds to
the case of Miras in NGC4258 (Huang et al. 2018, ‘Gold’
sample in their Tab. 6).
Figure 4 illustrates RLB as a function of distance assum-
ing H0 = 74 km s−1 Mpc−1 and redshift caused by cosmic
expansion only. The slightly steeper slopes of Mira LLs im-
ply a slightly stronger susceptibility to RLB compared to
Cepheids. For quadratic LLs, more significant differences
result from possible differences among the average observed
and pivot period (if logP
′
obs 6= 0).
H0 is measured as the intercept of the Hubble diagram,
ax (cf. Eqs. 5 and 9 in R+16, subscript x denotes photo-
metric band) via
logH0 =
M0x + 5ax + 25
5
, which yields (13)
With Eq. 13 and ∆M = M0x,obs −M0x,true, we obtain:
H0,true = H0,LL,lin · 10−0.2b logB
H0,true = H0,LL,quad · 10−0.2
[
b1 logB+b2 logB
(
2 logP
′
obs−logB
)]
(14)
for linear and quadratic LLs, respectively, where H0,true >
H0,LL since b, b1, b2 all < 0, and logB = log (1 + zobs) > 0.
Hence, the Universe is expanding slightly faster than previ-
ously reported based on the Cepheid-based distance ladder
(R+16, Riess et al. 2018, 2019; Reid et al. 2019). In §3,
we estimate this effect and the correction for H0, and un-
derline the importance of correcting variability periods for
time dilation when measuring distances exceeding 40Mpc
using Mira stars with JWST.
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Fig. 4. Relative distance error as function of distance in case of
cosmological redshift (considers only expansion). Relative dis-
tance errors of 1, 2, and 3% are shown by horizontal dotted
lines. For Cepheids, we adopt b = −3.26 (corresponds to the
H-band Period-Wesenheit relation using F160W, F555W, and
F814W in R+16), for Miras b1 = −3.59, b2 = −3.40, and
logPref = 2.3 from Huang et al. (2018). If left uncorrected,
RLB affects Cepheids at the 1% (2%) level for d > 62Mpc
(d > 123Mpc). For Miras of mean logPobs = 2.4, the 1% (2%)
bias level is reached sooner, at d > 47.5Mpc (d > 95Mpc).
3. Correcting H0 for RLB
We now estimate RLB as it applies to the SH0ES Cepheids-
based distance ladder (R+16) and the corresponding H0
measurement. To this end, we compiled measured heliocen-
tric redshifts from NED1 as well as other relevant informa-
tion for the anchor and SN-host galaxies. Table 1 provides
this information for convenience.
We first determine the difference between the mean red-
shift of LL anchor galaxies and the mean redshift of SN-host
galaxies used for measuring H0. The σPL-weighted average
observed redshift of anchor galaxies is 〈zobs,cal〉 ≈ 0.48 ×
10−3. For Milky Way Cepheids, we adopt vr = 0 km s−1, as
expected for a random distribution of radial velocities. Any
deviations from null velocity are on the order of 10 km s−1
and can be comfortably neglected. For SN-host galaxies,
the σPL-weighted average redshift is 〈zobs,LL〉 ≈ 4.76×10−3,
and the average redshift difference between anchor and SN-
host galaxies is ∆zobs = 4.28 × 10−3. In the following, we
use logB = log (1 + ∆zobs) to calculate RLB and the bias
of H0.
Figure 5 shows d0/dLL for all 19 SH0ES SN-host galax-
ies individually, as well as sample averages including the
σPL-weighted average (dark red solid lines), the average
weighted by number of Cepheids, Ncep (dashed), and the
1 https://ned.ipac.caltech.edu
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Fig. 5. Relative distance error incurred due to RLB, cf.
Eq. 11. zobs was translated to distance assuming H0 =
74 km s−1 Mpc−1; scatter in the relation arises from peculiar ve-
locities. The dark red solid, dashed, and dotted crosses indicate
the average values obtained for different weightings. Solid lines:
weighted according to σPL in Tab. 1, 〈d0/dLL〉 = 0.9972. Dashed
lines: weighted according to Ncep in Tab. 1. Dotted lines: un-
weighted mean distance and bias, 〈d0/dLL〉 = 0.9975.
un-weighted average (dotted). For the σPL-weighted av-
erage, we find 〈d0/dLL〉σPL ≈ 0.99721. Using the NCep-
weighted average, we find 〈d0/dLL〉NCep ≈ 0.99748. Any un-
certainty contribution due to redshift uncertainties is min-
imal, since 〈σz/z〉 = 0.004 restricts variations in ∆ logP to
. 10−5.
For H0 = 73.50 ± 1.40 km s−1 Mpc−1 (Reid et al.
2019) and ∆zobs = 4.28 × 10−3, Eq. 14 yields H0,true =
73.70 ± 1.40 km s−1 Mpc−1, i.e., an increase of ∆H0 =
0.20 ± 0.01 km s−1 Mpc−1. Thus, RLB amounts to 14% of
the reported total uncertainty on H0 of 1.90%. The small
shift in H0 slightly increases the significance of the tension
between Planck and the SH0ES distance ladder from 4.1σ
to 4.2σ.
Analogously, we estimate biases of 0.19% and 0.20% for
recent Mira-based H0 measurements by Huang et al. (2019)
that used linear Mira LL slopes of b = −3.64 and −3.35.
In this case, NGC4258 was the sole anchor, and NGC1559
(Koribalski et al. 2004, zobs,N1559 = 4.35 × 10−3) the sole
SN-host galaxy.
Of course, the above is a somewhat crude, first-order es-
timation of the degree by which previous H0 measurements
are affected by RLB. Future H0 measurements should take
into account the dilation of observed oscillation periods us-
ing Eq. 5 to avoid RLB. §4 highlights why this correction is
required to elucidate Hubble tension using a future distance
ladder based on more distant Mira stars.
4. Discussion
Time dilation can affect any oscillating star’s variability pe-
riod and lead to distance bias whenever there is a net red-
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Table 1. Information used to estimate redshift-Leavitt bias for anchor and SN-host galaxies in SH0ES Cepheids-based distance
ladder (R+16). The number of Cepheids in each galaxy, NCep, approximate distance modulus µ, and PL-relation dispersion σPL are
all taken from R+16. Heliocentric redshifts zobs are compiled from NED, with original references Refz as follows: a: de Vaucouleurs
et al. (1991), b: Meyer et al. (2004); Wong et al. (2006), c: Koribalski et al. (2004), d: Bureau et al. (1996), e: Krumm & Salpeter
(1980), f: Guthrie & Napier (1996), g: Verheijen & Sancisi (2001), h: Lauberts & Valentijn (1989), i: Kent et al. (2008), j: Grogin
et al. (1998), k: Strauss et al. (1992), l: Schneider et al. (1992), m: Richter et al. (1987). The redshift for the anchor galaxies and
SN-host galaxies, weighted by σPL, are shown above each group. ∆zobs,RF = zobs − zobs,cal is the redshift difference between each
SN-host galaxy and the anchor reference frame. The shift in logarithmic oscillation period, ∆ logP (cf. Eq. 5), the overestimate of
distance modulus ∆µ (cf. Eq. 10), and the distance bias ∆d (cf. Eq. 11) are computed using ∆zobs,RF.
Galaxy NCep µ 〈σPL〉 zobs Refz ∆zobs,RF ∆ logP ∆µ ∆d = d0 − dLL
[mag] [mag] [10−3] [10−3] [d] [mmag] [Mpc]
Anchor galaxies, 〈zobs,cal〉 = 0.48× 10−3
Milky Way 50 − 0.08 0 − − − −
LMC 785 18.477 0.12 0.92 m − − − −
NGC4258 139 29.397 0.15 1.49 a − − − −
SN-host galaxies, 〈zobs,LL〉 = 4.76× 10−3
M101 251 29.135 0.32 0.80 a 0.32 0.007 0.2 -0.001
NGC1015 14 32.497 0.36 8.77 b 8.29 0.353 11.5 -0.168
NGC1309 44 32.523 0.36 7.12 c 6.64 0.281 9.2 -0.135
NGC1365 32 31.307 0.32 5.45 d 4.97 0.209 6.8 -0.057
NGC1448 54 31.311 0.36 3.90 c 3.41 0.141 4.6 -0.039
NGC2442 141 31.511 0.38 4.89 b 4.41 0.184 6.0 -0.056
NGC3021 18 32.498 0.51 5.14 a 4.66 0.195 6.4 -0.093
NGC3370 63 32.072 0.33 4.27 e 3.78 0.157 5.1 -0.061
NGC3447 80 31.908 0.34 3.56 f 3.07 0.127 4.1 -0.046
NGC3972 42 31.587 0.38 2.84 g 2.36 0.095 3.1 -0.030
NGC3982 16 31.737 0.32 3.70 a 3.21 0.133 4.3 -0.044
NGC4038 13 31.290 0.33 5.48 h 4.99 0.210 6.8 -0.057
NGC4424 3 31.080 0.56 1.46 i 0.97 0.035 1.2 -0.009
NGC4536 33 30.906 0.29 6.03 j 5.55 0.234 7.6 -0.053
NGC4639 25 31.532 0.45 3.40 b 2.91 0.120 3.9 -0.036
NGC5584 83 31.786 0.33 5.46 c 4.98 0.209 6.8 -0.072
NGC5917 13 32.263 0.38 6.35 k 5.87 0.248 8.1 -0.106
NGC7250 22 31.499 0.43 3.89 l 3.41 0.141 4.6 -0.042
UGC9391 28 32.919 0.43 6.38 l 5.90 0.249 8.1 -0.144
shift difference among the LL calibration set and the popu-
lation where LLs are being applied. Besides the aforemen-
tioned Cepheid, RR Lyr, and Mira stars, many other classes
of pulsating stars, including δ Scuti stars, type-II Cepheids,
and long-period oscillating red giants obey PLRs that ren-
der them potentially useful as standard candles (e.g. Ziaali
et al. 2019; Matsunaga et al. 2011; Kiss & Bedding 2003).
Mira stars are of particular importance due to their
high luminosity and large amplitudes for future distance
ladder calibration using JWST. Mira stars observed with
JWST should significantly extend the distance d within
which SNe Ia luminosity be cross-calibrated. Since volume
increases as d3, and the probability of a SN Ia exploding de-
pends on volume, it follows that most new SN-host galaxies
observed with JWST should reside at significantly greater
distance than the current SH0ES SN-host galaxies. Due to
the Hubble-Lemaître law, the redshift difference among an-
chor and SN-host galaxies should therefore be enhanced in
the era of the Mira-JWST distance ladder.
Fig. 4 illustrates this effect, and shows that RLB of a
sample of Miras with 〈logPobs〉 = 2.5 (316 d) exceeds 2%
at Coma cluster distances of 100Mpc. Moreover, the intra-
cluster velocity dispersion σvpec,Coma ≈ 1000 km s−1 (Sohn
et al. 2017, and references therein) could differentially bias
distances of Coma cluster galaxies by 1 − 2%, potentially
affecting the interpretation of galaxy cluster scales.
According to Eq. 12, a mismatch between the aver-
age period of a sample of Miras and the pivot period
of quadratic LLs can further increase RLB. Assuming
logPref = 2.3, a bias of 1% is reached at 37, 42, 48, 57,
71, and 93Mpc for locally calibrated Miras of logP = 2.6,
2.5, 2.4, 2.3, 2.2, and 2.1, respectively. Alternatively ex-
pressed, at 60Mpc, individual Mira stars would be biased
by between 0.7% and 1.7%, depending on their period.
RLB depends on LL slopes, which depend on photo-
metric passbands. For example, the H−band LL in R+16
has slightly shallower slope (bH = −3.06) than the near-IR
Wesenheit LL (bW = −3.26). Hence, the H−band Cepheid
LL is less affected by RLB than the near-IR Wesenheit-
LL. Analogously, different kinds of oscillating stars exhibit-
ing shallower LL slopes are also less strongly affected by
RLB. For example, the slope of the period term in the
K−band RR Lyrae PL-metallicity relation has slope of
approximately −2.4 (e.g. Barth et al. 2002; Minniti et al.
2003), reducing the effect compared to Cepheids or Miras.
Thankfully, RLB is easily avoided by correcting ob-
served oscillation periods for time dilation effects. In the
continued pursuit of measuring H0 with 1% accuracy, this
effect can and must be accounted for.
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5. Conclusions
The Universe’s expansion leads to a subtle, distance-
dependent dilation of variability periods in oscillating stars.
If left uncorrected, this systematic change in variability pe-
riod biases distance estimates based on Leavitt laws along
the distance ladder, because more distant stars are assumed
to be more luminous than they truly are. Due to the inter-
play between redshift and Leavitt law slopes, we term this
effect Redshift-Leavitt Bias (RLB).
RLB results in overestimated distances and thus leads to
an underestimated value of the Universe’s local expansion
rate H0. Emulating the SH0ES distance ladder (Riess et al.
2016; Riess et al. 2018, 2019; Reid et al. 2019), we estimate
a bias of ∆H0/H0 = 0.27±0.01%. Applying this first-order
correction to the H0 reported by Reid et al. (2019), we
obtain ∆H0 = 0.20 ± 0.01 km s−1 Mpc−1 and a de-biased
H0 = 73.70± 1.40 km s−1 Mpc−1. The slight increase of H0
increases the significance of the Hubble tension between the
“early-universe” value by the Planck Collaboration (2018,
H0 = 67.4 ± 0.5 km s−1 Mpc−1) and the Cepheids-based
distance ladder to 4.2σ.
With oscillating stars being observed at increasing dis-
tances, correcting variable-star oscillation periods for time
dilation due to redshift becomes increasingly important. For
the highly promising Mira stars, we estimate H0 bias of or-
der 2−3% if this effect is not accounted for. Hence, a future
Mira-based distance ladder requires correcting variability
periods for time dilation.
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